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ABSTRACT
This paper will present an agent based solution to control
chemical processes in a manufacturing environment; items
should undergo chemical reactions in different chemical baths
to be processed by the system. Recipes for the processes
only specify minimum and maximum times for each bath,
and recipes depend strongly on characteristics of the item.

We have applied the PACO paradigm for reactive agents
to develop control software for the system, and we have de-
signed simple physical force-like interaction mechanisms, so
agents manage to fulfill their individual and global goals.
We outline the problem and argue why the PACO approach
suits this problem, before explaining in detail how the agents
are designed and the interactions established for the plan-
ning to be successful.

We conclude the paper by presenting results of the agent-
based approach, based on data and scenario recipes from the
real system.

1. INTRODUCTION
All industrial companies have experienced radical changes

in market demands in recent years. Mass series and stan-
dardized products have been replaced by order based pro-
duction and a high degree of user customization. It falls back
on the manufacturing system as strong requirements for high
flexibility. In some setups flexibility could be meet by low
switching times, but ideally the system should be able to
handle a large variety of items concurrently in an efficient
way. This require new control algorithms. We no longer
have dedicated hardware optimized for a specific produc-
tion. Global optimization is typically NP-complete or inap-
propriate due to a dynamic production environment, where
constant changes will lead to continuous replanning. Thus
flexible manufacturing systems have been a focused research
area for decades [3, 4, 13, 18], and multi-agent technologies
are a natural approach for the control software of such sys-
tems.

The paper is organized as follows. First we discuss the
general problem of the researched case. Next we relate the
problem to previous work, and shortly describe the PACO
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paradigm used for the agents in our case. In detail we will
describe and discuss how PACO agents are organized, mod-
eled, and implemented to solve the problem at hand together
with results from real world scenarios. Finally we will bring
some concluding remarks and present ideas for future work
of this ongoing research.

1.1 The problem
The researched case is conducted in collaboration with

Denmark’s most well-known manufacturer of high-end audio
and video products. The process is known as an anodization
process that increase the corrosion resistance of aluminum.
In a generalized and simplified form, the problem could be
described as a number of chemical baths, which the items
have to visit according to a prescribed recipe. Besides con-
taining information about which baths to visit and in what
order, the recipe also give an allowed time-span for the item
to stay in each bath. Items are grouped on bars with the
same recipe, but a mix of different bars (= different recipes)
could processed at the same time.

The system consist of about 50 baths, and a typical recipe
would have roughly 15-25 baths to visit, even though all
recipes do not have to visit all kind of baths, there is still
room for additional baths of the same type to overcome bot-
tlenecks as the processing times in the bath types vary a lot.
Three slightly overlapping cranes move the bars from one lo-
cation to another within the array of bars. Apart from the
baths and cranes, an important part of the system is the
input buffer, where typically around 30 bars are waiting to
be processed. Figure 1 gives an overview of the system.
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Figure 1: Generalized overview of the system

Another issue is the dynamical production environment,



which has great impact on the system’s ability to recover
and finish the current bars, but also run as best as possible
under partly breakdowns. Examples of unpredictable error
conditions could be that the temperature of a bath is too low
and must be heated before continuing, crane breakdowns,
liquid level of a bath too low, rapid orders, etc.

1.2 Related work
The problem is classic - we want to optimize the through-

put of a system, by optimizing the flow between subprocesses
and handle the inflow correctly to utilize the system as much
as possible. In abstract terms we have a number of tasks,
qi for i = 1, 2, . . . , n, with ki subtasks1, qi,1, qi,2, . . . , qi,ki .
The subtasks are interconnected and their order cannot be
changed, and should be handled as visits to processing sta-
tions - determined by the recipe. The agents, which could be
the baths and cranes, must coordinate their local activities
for the global plan to be optimal. From a modeling point of
view the TAEMS2 Framework [8, 16] would be an obvious
choice as a modeling tool to describe the structure of the
plan.

GPGP is a set of generic coordination mechanisms for co-
operative agents in a task environment proposed by Keith
Decker [9]. GPGP is a generalized extension of the PGP
(Partial Global Planning) algorithm, which is capable of
handling deadlines for the tasks of agents. GPGP could be
applied in our case as well, but the homogeneity of the task
structures and flow-oriented approach of our case, appeal for
other approaches as well. GPGP would be an appropriate
candidate if the recipes were more flexible, e.g. the order of
bath to visit could be changed dynamically.

Clement and Barrett also introduce the Shared Activity
Coordination (SHAC) [6], which provides a general approach
for interleaving planning and exchange of plan information
among agents based on shared activities.

Both Parunak et al. and Valckenaers et al. have con-
ducted extensive research on organizing and structuring agents
in a manufacturing environment as well e.g. [19, 22]. Fur-
thermore Valckenaers et. al have inspired by the principles
of stigmergy of swarm intelligence developed some novel ap-
proaches to scheduling in holonic and flexible manufacturing
[15, 21]. The simple reactive principles of coordination that
characterize ant-based approaches appeal very much to our
case except that ants are usually very independent, and in
our case we more have a string of tasks that cannot be re-
ordered.

Other approaches exists as well, but in general they are
focused on the agent performing different tasks in the envi-
ronment, where the tasks can be regarded as atomic actions.
That would make the baths and the cranes to our agents,
but in our case the tasks are not atomic in the sense that
duration of a task in not fixed.

In principle planning approaches search a solution space
to find an appropriate valid plan to a constraint satisfaction
problem (CSP). There is no guarantee that the plan is op-
timal, as the problem often are NP-complete. In our case
the task durations vary between the minimum and maxi-
mum times specified in the recipes, which give us inequality
constraints that complicates the problem even more. In tra-
ditional planning we try to find an optimal plan among valid

1note that the number of subtasks might be different for
each taskgroup
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plans, but using the PACO approach we strive for an valid
plan using simple reactive mechanisms on a configuration
that might be optimal, but not necessarily valid.

1.3 PACO approach
PACO is a contraction of coordinated patterns [12] and

takes a simple approach of the agents. PACO focus on reac-
tive agents situated in an environment, where all agents are
considered as partial solutions of a global problem [14].

The PACO paradigm states that agents are purely reac-
tive, thus they do not hold an updated internal representa-
tion of themselves, other agents, or the environment, so they
have to respond all changes of the environment. Whenever
a new bar is introduced, or unforeseen or expected events
happen within the system, such as a crane breakdown or a
bath needs cleaning, it is a new event to the agents, and
they will search for a new equilibrium state through their
interactions.

Each agent under PACO is defined by three fields, which
divide the agent model in coherent components

Perception field determine what the agent can perceive
about its environment.

Communication field determine which agents an agent
can interact with.

Action field determine the space in which an agent can
perform its action.

From a system point of view the PACO paradigm also
splits the system into conceptual parts, which follows the
VOWELS formalism [7]. Basically the VOWELS formalism
decomposes the problem into four components of the MAS
domain of a system, described by the vowels-initiated con-
cepts

Agents are the classic entities to consider, when developing
a MAS system, as agents are determined to be the
local actors carrying out the tasks. Autonomy is in
focus here to emphasize that agents have goals and
are self-determined [23].

Environment is the space in which the agents exist, move,
and interact. The space could be both informational
and conceptual, but typically the environment is rep-
resented by a model of the physical space of the MAS
community.

Interactions could be formed as abstract as speech inter-
actions, but the PACO paradigm usually apply inter-
actions as forces, spring-like or electrostatic forces.

Organization: Similar to humans, agents can benefit from
being organized, either explicitly defined in classic or-
ganizational structures, or the organization could em-
erge from simple interactions among the agents. Or-
ganizations often serve the purpose of grouping agents
with similar or related actions or behaviors as usually
exploited by PACO.

2. AGENT DESIGN
In this section we will describe and discuss how the PACO

approach has been applied to the scheduling problem in the
researched anodization system. The following subsections
cover each part of the VOWELS formalism.



2.1 Environment
In this case the environment is the baths and cranes.

The environment is modeled as passive resources, which the
agents can ask about their status and book for specified time
slots. Baths are accessed through a bath controller, which
makes baths of the same type look as only one bath, capable
of containing more than one bar at a time. These baths can
be asked about free space in a given direction from a given
agent or about whether or not a free time slot for a required
timeframe exists in specific period. If the space is occupied,
then the bath can tell, which agent is blocking.

2.2 Agents
The recipe for each bar of items is split into a number of

agents. One agent is created for each step of the recipe, and
all agents of one bar forms a group. An agent is born with
some knowledge, as it knows which kind of bath it must go
into, it holds the allowed minimum and maximum time to
stay in the bath, and it knows its predecessor and successor
agent of the group. It does not know the rest of the agents
in the group and it does not have a possibility to commu-
nicate with them. To succeed, an agent must visit a bath
of the right type, but not necessarily at the right time. The
agent has a size equal to the time slot it occupies in a bath,
because time is the only interesting axis of all decisions, as il-
lustrated in figure 2. Therefore by its representation, agents
can be seen as physical manifestations of the problem in fo-
cus. Two bars qi and qj , split up into two groups of agents,
[qi,1, qi,2, . . . qi,n] and [qj,1, qj,2, . . . qi,m] added to the virtual
model in random places could look like figure 2.
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Figure 2: Three agents from each agent group occu-
pying timeslots in the baths

2.2.1 Perception, communication, and action
As stated earlier the PACO paradigm defines three delim-

ited fields.

The perception field consists of the predecessor of the
bar, as the movement of that agent affects the forces
(described below) applied to an agent. Furthermore
the agents above and below (in the time domain) that
want to visit the same bath are also observed, to avoid
overlap of agents in the same bath.

The communication field solely consists of the predeces-
sor, as it should be notified if the agent could meet its
goals.

The action field consist of the baths of the requested type,
and organization secures that an agent only sees one

particular bath, even if the bath type is duplicated in
the system.

2.2.2 Agent goals
An agent has two main goals:

• Go in the right bath

• Stay close to the predecessor agent of its group

When both goals are satisfied, for all agents of a group, the
bar represented by the group has a valid way to be processed
by the system. Furthermore an agent has some constraints:

• Keep distance to both the min and max time

• Help the successor to stay close

• Help other agents in same bath type to fulfil goals

Constraints are added to make agents cooperate with others
in fulfilling their goals too. When agents from two groups
share interests to the same time slot for a given bath they
have to be able to negotiate about, who will win the timeslot.

2.3 Interactions
Agents move around in the virtual world in discrete steps.

They calculate a force vector v as responses to input/output
from the three fields. Each discrete time step has two sub-
steps, first all agents calculate which way to go and at what
speed. When all agents have new direction and velocity
vectors the moves are taken, so force calculations are done
according to the current situation.

2.3.1 Basic forces
The most basic behaviors of the agents come from their

primary goals and are modelled with two forces; a spring
force and a gravity force.
The spring force represents the attraction to the predecessor,
if any, and attracts the agent towards the point where the
predecessor of the previous bath ends, so the bar can move
from one bath to another, which is a criteria for a plan to
be valid.
A spring force is denoted: F = −kx. F being the force,
k the spring constant and x the distance. This gives us:
F s = −kparent(x − xp). kparent being a static constant,
x the position of the agent and xp the ending point of the
predecessor.

To make the system stay in motion, until a valid equilib-
rium is reached, an extra parameter, a predecessor multiplier
(pm), is added. Each time a spring force is calculated the
agent will check if it has come closer to its predecessor. If it
has not, it will increase pm, to enhance the attraction force

F s = −kparent(x− xp) · pm (1)

pm is bounded. It can newer go beneath 1 or above some
fixed value, in our case fitted through experiments to be 3.
It is increased with the same percentage each time the agent
has not come closer to its goal and is decreased again with
the same percentage, when the agent starts moving.

The second force, the gravity force, tries to pull the agent
up. Up in the virtual model represents beginning of time in
the real world. The gravity force is given by: F g = mg. m
being the mass of the agent and g the gravity acceleration.
The mass of all agents is the same, and therefore we have



F g = kg, kg being a static constant force vector. This
gravity force is only applied to an agent when it is floating
freely. If the agent is in contact with another, in the direction
pulled by the force, the counterforce from the contact will
cancel out the gravity force. The total force is denoted F t

F t = F s + F g (2)

With only these two simple forces, a set of agents can be
added and align them self. See figure 3.
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Figure 3: Illustration of the basic forces for the
agents

Spring forces serve to compact the plan of a agent group
for a bar, to minimize the total processing time for a bar,
whereas the gravity force works to compact the entire plan
for all bars in order to maximize utilization.

2.4 Organizations
To make the interaction between the agents more flexible,

a number of social laws are introduced:

Law 1: If there is a certain amount of free space around the
agent, increase size to

Tcurrent = Tmin + X(Tmax − Tmin) (3)

X being a static constant and Tcurrent, Tmin, and Tmax

being respectively the current, minimum and maxi-
mum time slots of the agent.

Law 2: If another agent, using the bath, comes closer than
a given distance, then shrink the current size until
Tmin plus a given margin is reached.

Law 3: If the successor is unable to reach its second goal,
then increase Tcurrent until Tmax is reached.

2.4.1 Options for problem solving
If an agent needs to go in a direction blocked by other

agents, it should be able jump over, push or switch place
with one of the blocking agents, as illustrated in figure 4.
For this purpose three laws are introduced. They are re-
spected when agent A wants to go in a direction blocked by
agent B.

Law 4: If F t for A is greater than the current size of B,
and a time slot of at least Amin is available between
the end of B and the length of F t, then A jumps to
the other side of B, without notice.

Law 5: If there are no room for A on the other side of B,
but B is trying to move in the opposite direction, and
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Figure 4: Illustration of a conflict between two agent
groups

if the size of F t for A is greater than half of Bmin,
then they switch place.

Law 6: If none of two previous laws have applied, but A
still wants some or all of the time slot assigned to B. A
starts a negotiation based on the general satisfaction
of group A and B3. If A wins, B is pushed away,
otherwise they will have to stay.

3. SYSTEM SETUP
The agent-based control that is described in the previous

section, is just one part of the entire setup. The control
software is coupled to a realistic simulation model, which
is created in the AutoMod software - a defacto standard for
creating simulation tools to manufacturing applications. We
interact with the model using the same protocol that would
be used on the real system, so we are as close as possible to
the real world, but it allows us to test the control software
much easier. In addition it give a perfect setup to test and
compare different strategies and fit the coefficients of the
forces on the desktop.

Regarding unforeseen events the reactive approach de-
scribed above has the strength that we can make some time
slots or bath unavailable, so agents are pushed and then have
to renegotiate for a equilibrium. It requires no change of the
agents decision logic.

4. DISCUSSIONS
The real challenges of applying the PACO paradigm to an

agent-based control system like the problem presented above
is the design and fitting of forces used for interactions. In
this section we discuss some of the experienced issues for the
case.

4.1 Avoid in-group competing agents
The agent group, which spawns from the creation of agents

for a single bar of items, is not modeled or implemented as a
sole entity in the system. Thus no overall goal or intensions
of the group can be directly implemented, but must be real-
ized through the aggregation of sub-goals met by the agents
within the group. The tension appearing inside a group due
to the spring forces of the agents, can to some degree lead
to competitions among agents within a group, but the flex-
ibility laws presented in section 2.4 make it easier for the

3Information about the satisfaction is withdrawn from the
attached observer agent



system to reach an equilibrium and dampen the inter-agent
tensions. Particular laws 1 and 3 are added to cope with
these side effects of the basic forces. Law 1 simplifies the
process of attraction and stabilize the movements of a suc-
cessor agent to its predecessor, due to the expansion of the
current time slot for an agent in a bath, if it is too hard to
pack the schedule for a bar tighter. Whereas law 3 more di-
rectly connects the plan of a group and increase robustness
in the coordination process.

4.2 Handling oscillating task shifts and stick
to suitable schedule slots

Without doubt the most challenging part of optimizing
the overall plan for the system is to decide when and how
conflicts between agents should be solved. No method or
measurements exist to validate if a current configuration is
optimal or jumps between the agents should be handled.
Clearly from laws 4 and 5 of section 2.4.1, trivial conflicts are
handled without contracting classic local optimization prin-
ciples. Especially to avoid oscillating shifts between agents
from different groups that have interest in the same bath,
law 6 serves the purpose of dampen inter-group tensions.

Other approaches could be applied as fallback methods, if
the other laws fails, such as

• Only allow shifts that do not overrule other shifts within
a certain time period.

• Transaction principle - make the shift, and roll back
if the system performance degrade after a predefined
number of planning steps.

5. RESULTS
In order to validate the PACO paradigm for the agents,

we have to test if the control system can create valid plans
for the bars. We measure that as a satisfactory rate of an
agent group, where a full valid plan would have 100% satis-
factory rate, which means that for a given bar all visits to
baths in the recipes comply with the minimum and maxi-
mum timeframes, and that moves between two consecutive
visits are connected with no stops.

Naturally an indicator of the strength in the approach
is the dynamic reactiveness, because the core problem is a
classical optimization problem, but as it is NP-complete, the
system do not have the time to find an optimal solution in a
real world scenario. Thus the number of time steps required
for the system to find an acceptable solution is of primary
importance.

In figure 5 the average computation time required per
agent to calculate the forces and move the agents are shown.
Naturally the computation time increases significantly for
scenarios with more than one bar, but in all cases it stay
below 0.5 ms per agent on an average PC. It is reasonable
efficient, as we can see from figure 6 that the agents relative
fast move to a rather stable level of their satisfaction rate.

Figure 7, which is a zoom of figure 6, also shows that valid
plans (satisfaction rate = 100%) are only created in the 1
group scenario. From the graph of the 5 group scenario it
is easy to see that we still have some fluctuations around a
level of 90% satisfaction. For 15 and 25 groups the picture
is a little more blurred, and more mechanisms should be
applied to meet the 100% level.

Finally in figure 8 we see that the end-time (when it have
visited all requested baths) of the last bar is decreasing,
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so the algorithm is creating more efficient plans. Jumps
between agents during the planning process will naturally
lead to increased production time before the plans starts to
settle again.

6. CONCLUSIONS
We have applied the PACO paradigm that suits the low-
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flexible setup of a production environment. Besides design-
ing the interaction mechanisms for the case, we have ex-
tended the model with a number of laws to cope with general
problems among the agents.

The approach is radical different to many other paradigms
of MAS in production environments, such as GPGP, as agents
are not modeled as the resources of the environment, such
as robots, baths, etc. Here agents originate from the real
issues at hand.

The presented model and design are generalized from the
case, so the results would easily map to similar problems
that can be modeled with reactive agents.

From the results we see that not all problems related
to in-group tension and conflicts among agents are fully
solved, but the approach has shown promising results, and
we strongly belive that the future work will bring the ex-
pected results.

7. FUTURE WORK
We will continue working on the case, and several strate-

gies and modifications have already shown promising results

• We will introduce the concept of active, sleeping and
locked agents, so an agent goes from being active to
sleeping, when it no longer has intentions to move, and
others should not expect to be able to negotiate with
it. The agent is not finally locked, so if the forces are
growing too large, the agent is awaked again. Only
when it no longer accepts impact from the environ-
ment, it is considered locked.

• Snapshots. Like with transactions we can make a snap-
shot of a current plan and allow the system to con-
tinue a number of steps in the current direction. If
no improvements can be measured we roll back to the
snapshot and with modified parameters we continue in
another direction.

• Predecessor validation could be introduced to dampen
oscillations and improve the settling time. By prede-
cessor validation we mean that an agent is more likely
to go in the direction of its predecessor, if the prede-
cessor seems to be settled.

• We will investigate the impact of extending the scope
of the agent interactions, so the field do not only con-

sists of successors and predecessors. Also interactions
between non-consecutive interests to a bath could in-
fluence agent intensions of sticking to a bath or forming
multiple jumps.
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